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Abstract. Resultsin QCD physicsat the Tevatron from the DØ andCDF collaborationsare presented,including results
in jet production,photonproduction,W /Z bosonsplus jets,andheavy-flavor jets.The importanceof thesetopicsin tuning
Monte-Carlosimulations,constrainingthe partondistribution functions,and measuringcrosssectionsof QCD processes
whichcontributesignificantbackgroundsto searchesfor new andimportantphysicsis discussed.
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INTRODUCTION

The study of QCD physicsat the Tevatron is essentialfor preciselydeterminingthe partondistribution functions
(PDFs)of the proton, for measuringthe crosssectionsfor processeswhich contribute large backgroundsto new
physicssearches,andfor tuningof MonteCarlo (MC) eventgeneratorswhich areusedin all areasof physicsat the
Tevatronaswell asat theLHC. Themeasurementof jet andphotonproductioncrosssectionscanconstrainthePDFs;
in particular, theinclusivejet crosssectionin theforwardregionis usefulto constrainthegluondistributionfunctionat
high momentumfractionx but low momentumtransfersquared(Q2), while new physicswould beexpectedto appear
at high Q2. Jetscontainingb quarksaresignaturesof many importantandpossiblenew physicsprocesses,andthe
studyof differentprocessesinvolving b-jets testspQCDby probingdifferentproductionmechanisms.Besidesbeing
interestingprobesof QCD processes,the measurementof crosssectionsfor QCD productionof diphotons,W or Z
plusjets,andZ+b-jets,is importantfor determiningthebackgroundsto importantandpossiblenew physicsprocesses,
aswell astestingpQCDpredictions.

FRAGMENTATION AND THE UNDERLYING EVENT

BeforedescribingQCDresultsathighQ2, wefirst touchonstudiesof fragmentationandtheunderlyingevent.Physics
in all areasat theTevatronrely on accurateMonte-Carlomodelingof all characteristicsof theevent,not just thehard
scatteringwhichis describedby perturbativeQCD(pQCD),but alsofragmentationandtheunderlyingevent(by which
we meanthebeam-beamremnants,any hardinitial or final stateradiation,andpossiblemultiple partoninteractions).
CDFhasdeterminedaparticularchoiceof parametersfor thePYTHIA eventgeneratorwhichreproducetheunderlying
event in jet eventsin TevatronRun I data,which is referredto as“PYTHIA TuneA” [1]. A CDF RunII studyof jet
shapes[2], the fraction of transversemomentumpT of a jet containedwithin a coneasa function of coneradius,
found thatPYTHIA TuneA describesthedataextremelywell. A studyby DØ on dijet azimuthaldecorrelations[3]
alsoprovidesa goodtestof the modelingof multi-partonradiationin MC generators.That measurementdepends
only on thereconstructionof thedifferencein azimuthalangle(∆φ ) betweenthetwo highest-pT jets,andis therefore
insensitive to the jet energy scale.Goodagreementwasfound with Next-to-LeadingOrder(NLO) pQCD,andalso
with HERWIG MC, however, agreementwith PYTHIA wasseenonly whentheamountof initial-stateradiation(ISR)
wasincreasedfrom thedefaultvalue.PYTHIA TuneA alsohasincreasedISR.

CDF hasstudiedjet fragmentation,which includespartonshowering and hadronizationeffects. In Run I, CDF
foundthat themultiplicity andmomentumdistributionsof particlesin jetsareapproximatelythesamefor partonsas
for hadrons(“Local Parton-HadronDuality”). A recentRun II studyfinds that two-particlemomentumcorrelations
survivehadronizationaswell [4]. Studiesof thedistributionof transversemomentumof particlesin jetsrelativeto the
jet axisandof eventshapesarein progress.



JET PRODUCTION

Measurementof the inclusive jet differentialcrosssectionasa functionof jet pT providesa stringenttestof pQCD
overnineordersof magnitude,andis sensitive to distancesassmallas � 10

� 19 m. Thejet crosssectionis expectedto
behigherwith respectto Run I dueto the increasedTevatroncenter-of-massenergy, andthereforereachesto higher
pT jet productionwherenew physicscouldappear. Theinclusivejet crosssectionis sensitiveto thepartondistribution
functions(PDFs),andin particular, measurementsat forwardrapidity (y) canconstrainthegluonPDFathighx, where
it is notwell known,andat low Q2, which is importantsinceany new physicswouldbeexpectedto appearathighQ2.

CDFhaspublishedtheinclusivejet crosssectionin thecentralregion(
�
y
���

0 � 7) [5]. Resultsusingbothacone-based
“midpoint” clusteringalgorithm[6] aswell asthekT algorithm[5] show goodagreementwith NLO predictions.The
kT algorithmclustersobjectsaccordingto their relativetransversemomenta,is thealgorithmpreferredfor comparison
with theory, andhasbeenusedsuccessfullyat HERA; however, its performanceat a hadron-hadroncollider in the
presenceof underlyingevent was uncertain.The CDF resultsshow that the kT algorithm works well in a hadron
colliderenvironmentin the pT rangestudied.

CDF measurementsof theinclusive jet crosssectionextendedto theforwardregion [7] usingthekT algorithmand
1 fb

� 1 of dataareshown in Fig. 1. Goodagreementwith NLO predictionsis seen.The measurementsin the most
forwardregion have the power to reducePDFuncertainties,asseenby uncertaintieson the measurementwhich are
aresmallerthanthePDFuncertainties.Similar resultsarefoundusingthemidpointalgorithm[8].

DØ haslookedat jet productionusing0.8 fb
� 1 of datain two rapidity regions,

�
y
���

0 � 4 and0 � 4 ���
y
���

0 � 8 [9].
Althoughthedatais scaledto theorypredictionsat pT � 100GeVfor

�
y
�	�

0 � 4 in orderto removeuncertaintiesin the
luminosity, theshapeof thedistributionshowsgoodagreementover theentirepT range.
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FIGURE 1. (left) CDF measuredinclusive jet crosssectionin five rapidity bins (blackdots)asa functionof p jet
t comparedto

NLO pQCD predictions(histogram).The shadedbandsshow the total systematicuncertaintyon the measurement.(right) Ratio
of datato theoryasa functionof p jet

t . Theerrorbars(shadedband)show thetotal statistical(systematic)uncertaintyon thedata.
A 5.8%uncertaintyon the luminosity is not included.The solid lines indicatethe PDF uncertaintyon the theoreticalprediction.
Thedashedlinespresenttheratioof MRST2004andCTEQ6.1Mpredictions.Thedotted-dashedlinesshow theratioof predictions
with 2µ0 andµ0.

PHOTON PRODUCTION

The measurementof promptphotonproductionprovidesa goodmeansto studypQCD,sincephotonshave a well-
known couplingto quarks,lower pT is accessiblecomparedto jet production,andmeasurementsof photonproduction
can placeconstraintson the gluon PDF which are complementaryto constraintsfrom jet production.In addition,
photonsarenot sensitive to the problemsinherentin jet reconstructionsuchasclusteringalgorithmsor jet energy
corrections.



Inclusive isolated prompt photon cross section

DØ hasmeasuredthe inclusive isolatedpromptphotoncrosssection[10] asa function of photon pT . Compton
scattering(q � g � q � g) is thedominantprocessat low pT andprobesthegluonPDF. Promptphotonssuffer a large
backgroundfrom π0 andη0 decaysat low pT , which is suppressedby a requirementthat the photonsbe isolated.
Isolatedelectronsfrom W � Z productionarea backgroundat high pT . The DØ analysisusesa neuralnet to further
suppressbackground,which is mainly from jets with a large fraction of energy depositedin the electromagnetic
calorimeter.

Figure2 showstheDØ inclusiveisolatedphotoncrosssectionasafunctionof photonpT alongwith acomparisonto
a NLO pQCDpredictionfrom JETPHOX, which agreeswithin uncertainties.Experimentaluncertaintiesare � 20%,
dominatedby photonpurity. Advancesin thetheoreticalpredictionwould beneededin orderfor themeasurementto
constrainthegluonPDF.
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FIGURE 2. (left) DØ measuredinclusive crosssectionfor the productionof isolatedphotonsasa function of pγ
T

. The results
from theNLO pQCDcalculationwith JETPHOX areshown asthesolid line. (right) Theratio of themeasuredcrosssectionto the
theoreticalpredictionsfrom JETPHOX. Thefull verticallinescorrespondto theoveralluncertainty, while theinternalline indicates
just thestatisticaluncertainty. Dashedlinesrepresentthechangein thecrosssectionwhenvaryingthetheoreticalscalesby factors
of two. Theshadedregion indicatestheuncertaintyin thecrosssectionestimatedwith CTEQ6.1PDFs.

Prompt diphoton cross section

CDF hasmeasuredthepromptdiphotoncrosssection[11] asa functionof diphotonmass,transversemomentum
of the diphoton system(qT ), and ∆φ betweenthe photons,which tests NLO pQCD and is sensitive to initial
statesoft gluon radiationin qT . The measurementis also importantin order to determinethe QCD backgroundto
searchesfor new physicsprocesseswhich have a diphotonsignature.Promptdiphotonsaremainly producedthrough
qq � γγ, gg � γγ (at low diphotonmass),and also in processeswhereone or both of the photonscomesfrom
fragmentationof the hard parton.The CDF analysisagain requiresthe photon to be isolatedin order to reduce
backgroundfrom π0 andη0 decays.A consequenceis that the isolationrequirementalsoreducesphotonscoming
from fragmentation.Residualbackgroundis removedstatisticallybasedon theshapeof theelectromagneticshower
in thecalorimeter. Comparisonsweremadeto severalMonte-Carlogenerators,andit wasfoundthatNLO processes,
includingfragmentationcontributions,alongwith softgluonresummationwereneededin orderto describeall features
observedin thedifferentialcrosssections.Thepublishedmeasurementuses� 200pb

� 1 of dataandis still dominated
by statisticaluncertainties.



W /Z BOSONS PLUS JETS

Theproductionof W � Z � jetsprovidesa goodtestof pQCDin a multijet environmentsincethepresenceof theW /Z
ensuresthattheeventhasahigh Q2. More importantly,W � Z � jetsis apossiblesignaturefor many new andimportant
processessuchastheproductionof top pairsandsingletop quarks,theHiggsboson,andSupersymmetricparticles.
QCD productionof W � Z � jets is a largebackgroundfor theseprocesses,andthereforeit is importantto measureits
crosssection.QCDMatrix Element(ME) calculationsareusedto describethehardscatteringin W � Z � jet events,and
thenPartonShowering (PS)MC is usedto simulatethesoft radiationandhadronization.An overlapin phasespace
betweenW � Z � n-partonsandW � Z �+* n � 1, -partonscanleadto double-countingwhencombiningMC samplesto
obtainW � Z � N-jets.Therehavebeenrecentadvancesin ME-PSmatching,includingCKKW andMLM prescriptions,
whichwill beimportantfor thesimulationof new physicswith aW � Z � jet signature,andcanbetestedusingW � Z � jet
samplesat theTevatron.RecenttheoryadvancesalsoincludeNLO predictions.

CDF hasmeasuredthe W � jets crosssection[12] for W plus at least1, 2, 3, or 4 jets as a function of the jet
transverseenergy (ET ), andfor eventswith two or morejetsasa functionof dijet invariantmass,shown in Fig. 3, and
alsoasa functionof thedistancein η-φ spacebetweentheleadingjets(not shown). Thecrosssectionis reportedfor
a restrictedW kinematicphasespacein orderto bemodel-independent.With this definition,theW acceptanceis very
flat asa functionof jet ET , andthusdoesnotaltertheshapeof thecrosssections.Currentlythecomparisonis madeto
LO AlpgenplusPYTHIA in shapeonly; comparisonsto NLO predictionsarein progress.
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FIGURE 3. (left) Differential crosssectiondσ : W ; eν <>= n-jets?A@ E jet
T

for the first, second,third, and fourth inclusive jet
sample.(right) Differentialcrosssectiondσ : W ; eν <B= 2-jets?C@ dM j1 j2 asafunctionof theinvariantmassof thetwo leadingjets
in theW <D= 2 jet events.Dataarecomparedto Alpgen+PYTHIA predictionsnormalizedto themeasuredinclusive crosssection
in all cases.

DØ hasrecentlymadecomparisons[13] of Z � jet productionto MC predictionsfrom PYTHIA (LO) andSherpa
(ME+PSwith CKKW matching).It wasfoundthatPYTHIA predictsfewerhardjetsthanareseenin thedata,andthe
discrepancy increaseswith jet multiplicity, asshown in Fig. 4. Sherpalookspromising,asit agreeswell for the pT of
theZ, jet multiplicities (Fig. 4), jet pT , and∆η(jet-jet) and∆φ (jet-jet) correlations.

FIGURE 4. Jetmultiplicity in eventswith a Z bosonasmeasuredby DØ andcomparedto PYTHIA (left) andSherpa(right).



HEAVY-FLAVOR JETS

Jetscontainingb quarksaresignaturesof many importantandpossiblenew physicsprocesses.ThePDFsfor b quarks
haveevolvedsignificantlyin recentyearsandit is interestingto testtheoreticalpredictions.It is alsoimportantto study
differentprocesses,suchasb, bb̄, γ � b, andZ � b production,sincetheseprobedifferentproductionmechanisms,
includingflavor creationat leadingorder, andat NLO: flavor excitation,gluonsplitting, andradiative correctionsto
LO processes.

b-jet cross section

CDF hasmeasuredthe b-jet crosssection[14] asa function of jet pT , shown in Fig. 5. The b-jets aretaggedby
reconstructingthesecondaryvertex from B hadrondecays.Templatesof theshapeof the invariantmassdistribution
of tracksfrom the secondaryvertex for b- andlight-quarkjets areusedto extract the fraction of taggedjets which
areb-jets (the “b-fraction”). Systematicuncertaintiesin the jet energy scaleandin the b-fraction dominatefor the
data,while themainuncertaintieson theNLO predictionaredueto therenormalizationandfactorizationscales,µR
andµF , respectively. Themeasuredcrosssectionagreeswith theNLO pQCDpredictionwithin the largesystematic
uncertainties.
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FIGURE 5. (left) CDF measuredinclusive b-jet crosssection(filled circles)asa function of p jet
T

comparedwith NLO pQCD
prediction(opencrosses).Theshadedbandrepresentsthe systematicuncertaintyon the dataandthe dashedbandrepresentsthe
uncertaintieson thetheory. (right) Ratioof datato theoryasa functionof p jet

T
. Thecentralvalueis obtainedusingrenormalization

andfactorizationscalessetto µ J µ0 @ 2 J 1@ 2 K : pb L jet
T

? 2 < m2
b. Theshadedbandis thesystematicuncertaintyon thedataandthe

dashedbandis theuncertaintyon thetheory,

b-jet shapes

CDFhasmadeapreliminarymeasurementof theenergy flow in b-jets[15] measuredin four pT binsfrom � 50-300
GeV. PYTHIA predictsjetswith b-quarksto bewider on averagethanlight-quarkjets,with jetscontaininga single
b-quarknarrower and2 b-quarkswider than inclusive jets. CDF doesmeasureb-jets to be wider on averagethan
inclusive jets, but the agreementwith PYTHIA is poor unlessthe ratio of jets with 1 to 2 b-quarksin PYTHIA is
decreasedby � 20%.Comparisonsto otherMC arein progress.

Z M b-jet production

The crosssectionfor Z � b-jet productionis sensitive to the b quark density in the proton, and thereforethe
measurementtestspQCD predictions.Determiningthe crosssectionis alsoimportantsinceZ � b-jet productionis
a backgroundfor searchesfor new physicssuchastheHiggsbosonin thechannelZH � Zbb̄.



DØ hasmeasuredthe crosssectionratio for Z � b-jet to Z � jet production[16] for jets with pT N 20 GeV/c and�
η
�O�

2 � 5 to be
DØ : σ * Z � b P jet ,Q� σ * Z � jet , � 0 � 023 R 0 � 004* stat ,TS 0 U 002� 0 U 003* syst ,V�

Thecharmcontentwastakenfrom thetheoreticalpredictionof Z � b andZ � c production:Nc � 1 � 69Nb [17].
CDFhasmeasuredthecrosssection[18] for eventswith 66

�
Mll

�
116GeV� c2 andfor jetsin therangep jet

T N 20
GeV/cand

�
η jet �W� 1 � 5 to be

CDF : σ * Z � b P jet ,YX[Z>* Z � l S l
� , � 0 � 93 R 0 � 29* stat ,\R 0 � 21* syst , pb

andtheratio to Z � jets

CDF : σ * Z � b P jet ,]� σ * Z � jet , � 0 � 0236R 0 � 0074* stat ,\R 0 � 0053* syst ,V�
This is consistentwith theNLO predictionsof 0 � 45 R 0 � 07pb and0 � 0181R 0 � 0027,respectively, which arebasedon
[17] usingMCFM andCTEQ6MPDFs.TheCDFmeasurementusesatemplatefit basedonthemassof chargedtracks
at the secondaryvertex, in a similar way aswasdonefor the inclusive b-jet crosssectionmeasurement,ratherthan
makingassumptionson thecharmcontent.Themeasurementis still statisticallylimited andis beingrepeatedwith the
1 fb

� 1 datasamplecurrentlyavailablefrom theTevatron.

SUMMARY

Theinclusivejet crosssectionhasbeenmeasuredby CDFin rapidity regionsrangingfrom
�
y
�^�

0 � 7 to 1 � 6 �_�
y
�`�

2 � 1,
finding goodagreementwith NLO pQCD andplacingsignificantconstraintson the gluon PDF at high x. DØ has
measuredthe inclusive isolatedprompt photoncrosssectionand finds agreementwith NLO within uncertainties.
CDF hasmeasuredthecrosssectionfor isolatedpromptdiphotonproductionandfindsthatNLO processesincluding
fragmentationcontributions,as well as soft gluon resummation,are neededto describethe dataas a function of
diphotonmass,transversemomentumof the diphotonsystem,and∆φ betweenthe photons.CDF hasmeasuredthe
W � jetscrosssectionandDØ hasrecentcomparisonsof Z � jet productionto theSherpaMC which includesMatrix
Elementto PartonShowering matchingusingthe CKKW prescription,an importanttestof this MC which may be
usedto modelprocessesinvolving theHiggsboson.Heavy flavor jets,in particularb-jet productionhasbeenstudied
at the Tevatron.CDF hasmeasuredthe inclusive b-jet crosssectionandfinds agreementwith NLO pQCD within
uncertainties.CDFhasapreliminarymeasurementof theinclusiveb-jet shapeasafunctionof pT . BothDØ andCDF
have measuredtheratio of Z � b-jet to Z � jet crosssections,andCDF hasmeasuredtheZ � b-jet crosssection;these
arefoundto bein agreementwith NLO predictions.Many of thesemeasurementswill benefitfrom largerdatasamples,
includingdiphotonproductionandZ � b-jet production,aswell asothermeasurementsstill in progressincludingdijet
production,bb̄ production,andphoton+ heavy-flavor production.
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